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BaGe[Ges04) is tigonal, spaee group P2, with lattice constants a=11.61, c=4.74 &, and Z=3.
The wmtructore was eeteblivhed by three-dimensional Pmtterson and electron density synthesesa,
Three-dimensional least-squares rehnement resulesd in a final B value of 6.8 percent (ohasored dala

only).
trmen

The Ercﬂoualy propoaed stroctural relationship of thin eompound with benitoite, BaTiSi 0y, has
d. The wructure cen he ronsidered as compoged of GeyDy rings, in which the Ge i

teizahedrally coordingted, linked through ovtahedrally soordingted Ge abomsa 1o form a three-dimen-
slonal Ge-0d nerwork.  All Ga polyhedea are linked by comer sharing. The Ba ions cccupy poaitions

in channels of the network.
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1. Introduction

The synthesis of three germanates of formula type
MeGe0p (Me==5r, Ph, Ba} wan reported by Robhins
and Levin [1].' A comparison of indexed powder
patietns suggested that the compounds were isostrue-
tural. This was later confirmed by Eulenberger,
Wittman, and Nowotny [2]. In addition, they re-
ported the synthesis of two forms of CaGey0y desig-
" nated « and 8, and found the o form was isostructural
with (Sr, Ph, Ba) GeOs.

Crystal chemical sonsiderationa (Robbins and Levin
[1]} suggested a structural relationship with the
mineral benitoite, BaTiSi(h, whose structure was
determined by Zachariasen [3]. Comparison of pat-
terns of 1:4 germanates with indexed benitoite powder
* data supported this view. From thege observations
and a consideration of unit cell dimensions, a trial
structure for the tetragermanates was obtained (Rob-
bins and Levin [1]). To test the validity of the pro-
posed model, the structure of BaQ-4Ge(, was
determined.

2. Experimantal Dato

Single crystals in the form of needles elongated along
[001] were obtained by slowly cooling a melt of com-
position BaGe Oy from slightly ahove the conpruent
melting point of 1392 =5 °C,

Unit cel dimensions, density measurements, and
optical data for this compound were reported by

! Figuraw |n brachere indivate the bterstore references wh the end af this paper.

Robbins and Levin [1].
group information are;

Their data plus the space

a=1161 & w=1.797 = 0.003

e=4.74 A e= 1783+ 0.003
5.6 =P3 g {obs}="5.1 gem~*

Z=3 o (eale)=5.12 gem~?

Mo systematic absences were observed. Precession
films were consistent with space groups P3ml or P3ml
No satisfactory structure couid be derived in these
space groups. The possible space groups P3 or F3
were then considered. The centrosymmetric choice
could be eliminated on the basis of packing considers-
tions because of the short ¢ dimension. The assump-
tion that the space group is P3 was confirmed by the
final structure.

Integrating Weissenherg films of levels & & ! with
i=0, 1, 2, 3, + were taken with Zrfiltered MoK o radia-
tion {A=90.7107 A} using the multiple film technigque.
Intensities were measured with a densitometer com-
patator. Very weak reflections were estimated
visnally, The intensity data were cbtained from a
crystal approximately rectangular in cross section
with dimensicns of ({43 mm, 0.066 mm, and a length
of 0,189 mm, The linear absorption coefhcient for
molybdenum radiation is 222,41 em—1

Lorentz and poiarization facter corrections were
appled. Since the main objective of the study was
the determination of positional parametera, no correc-
tions for sbsorption errors were made. The latter
would be expected to affect, primarily, the thermal
parameters. The data consisted of 327 observed and
435 uvnobserved independent reflections.
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3. Struciure Datermination

Similarities in the x-ray powder patterns and unit cell
dimensions of benitoite (BaTi%ih0s) and Ba(-diel,
led Robbins and Levin [1] to suggest that barium
germanate probably exists as BaGeGey0s in a struc-
tural arrangement closely related to that found for
benitoite by Zachariasen [3]. The large number of
unobserved reflections obtained in the present study
was conslstent with the proposed relationship provided
the Ba and Ge atoms had x and ¥ parameters near ¥s
and ¥z and z parameters near (f or ¥z in the germanate
cell. In benitoite Ba, Ti, and the S5ia0p rings all are
on, or around threefold axes. The lower symmetry of
the germanile permits, at most, only one of the cor
responding atoms or groups to be on a threefold axis.

A three-dimensional Patterson funciion was com-
puted and peaks correspending to Ba-Ba and Ge-Ge
vectors were identified and related to the proposed
model, On the basis of the trial structure and space
group P3, three choices of ongin were possible ie.,
at the center of a Geg(s gronp, at a Ba atom or at an
cctahedrally coordinated (e atom. Using coordinates
of Ba and Ge from the model, three cycles of Founer
refinement were calculated for each choice of origin.
Only the model with a Ge atom at the origin on a three-
fold axis refined satisfactorily. Using phases based on
Ba and Ge positions from the Fourier refinement, a
3ddimensional electron density map was calculated
which vielded the cxygen coordinates.

The structure was refined by & full-matrix least-
sgquares analysis of the 327 observed and 435 un-
ohserved reflections. The final conventional R value
hased on the 327 observed independent reflections was
0068, The total number of parameters varied was
62 which included x, ¥, and z, an isotropic temperature
factor for each stom and a scale factor for each level,
The final parameters from this refinement are listed in
table 1. The temperature factors are nol considered
meaningful, primarily because of absorption. The
correlation matrix from this refinement indicated that
many of the variables were correlated to a moderate
degree (cotrelation coeflicients on the order of 0.5 10
0.6}. The possibility that this was the source of the

unrealistic temperature factors was considered. A
second least-squares refinement was mede io which,
alternately, scale and position parameters were varied
for 2 cveles with fixed temperature factors and then
temperature factors were varied for 2 cyeles with fixed
scale and position parameters. This was repeated
far a total of eight cyveles. The result was identical
with the first refinement to within one standard devia-
tion. Therefore, only the parameters from the first
refinement are given in this paper. Observed and
calculated structure fectors are reported in table 2,

Atomie scatieting factors for neutral Ge and 0!
wete taken from International Tables for X-ray
Crystaliography (1962). Values for Ba*? were taken
from Thomas and Umeda [4]. Thke barium and ger-
manium form factors wete corrected for dispersion
(International Tables for Xoray Crystallography, 1962).

4. Structure Description

A projection of the struciure of BaOdGeQ: along
[001] is shown in figure 1. Numbering of the atoms
of the asymmetric unit 1% consistent with table 1.
The struchire is made up of rings of three GeQ,
tetrahedra linked together by GeOy octabedra, Bar
ium atpmsz are located in chanmels of the network. -
Germanium atotns 1, 2, and 3 are octahedrally co-
ordinated and lic on threefold axes. Cermanium
atoms 4, 5, and 6, in tetrahedral coordination, make
up the GesO; ring. Six rings are linked through a
germanium octahedron to form the germanium-oxygen
network. The two nonting oxygens of each of three
equivalent GeOy tetrahedra are bonded to germaniym
atoms above and below the ring to form Ge(q groups.
Every germanium polyhedron shares all of its corners:
GeQy tetrahedra share only corners with other paly-
hedra with the exception of Ge (6}, which shares one
edge with & barium polyhedron; esch germaniom
octahedron shares three =dges with three different
barium polyhedra.

The (xﬂg ring, projected along [(WH], ia shown in
figure 2. Interatomic distances, angles and standard
deviations for the three germaniom atoms in tetra-
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Ficvre 1. [M00] Projection of the BaGe [GesdOy) struciure,
The oambrering in that of tabde 1,

FIGURE 2. [)] Projeciion of the Ge, Dy ring.
The wrnbers identiy wvotes in 1abde |, Boud disian o amw it
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Tapi® 2. Cwmporison of obseried and coleulored struciure foctors S{hicdi= 197, S(hk1)=2.68,
5(bk}=21.09, Shi8}=1.25, Slhkd}=4.44
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TaBLE 2. Comparison af obsered and caleuiated seructere foctors SihkO= 797, S(hk1) =268, Shk3)
=30, Sihk¥) =325, Sthkd)=4.44 —Continued
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hedral coordination are given in table 3{A). The
germanium-oxygen distances range from 1.617 240,
to 1895 0,048 A* with an average value of 1.?%?
This agrees well with the average value of 1.744
recorded for NaGeyQs {Ingri and Lundgren [5]) an
with individual independent values of 1.737 = 0.003
and 1.741 +=0.002 A ohtained by Smith and Isaacz [6]
from a study of the a-guartiz form of germanium
dioxide. - The 0-Ge-O angles vary from 94.0+3.1% to
1249+ 2.1° with an average value of 109.3°

A GeOg group is shown in figure 3, [001] projection.
Bond distances and angles for the three Wndependent
germanium agoms in sixfold coordination are presen
in wable 3(B). The mean Ge-O distance i3 1.BB A.
Thia is in agreement with the value of 1.89 A given by
Ondik and Smith [7] for octahedrally coordinated
germaniwm. It is apparent that both tetrahedra and
occtahedra are somewhat irregular.

T Soundacrd deviatlon.

Germanium-germanium  distances a.ri listed in
table 3{C). The average value of 3.15y A is in good
agreement with the value of 3.153, A obtained by Smith
and Isaacs [6].

The oxygen polvhedron about the barium ion is
shown in fgure 4 [001] projection. Barium is coordi-
nated to ten exygen atoms with hond lellgtha ranging
from 26630029 A 10 3.277+0.087 A. Bond dis-
tances and standard deviations are listed in table 4.
The barium ions lie in channels in the germanate net-
work as shown in figure 1.

%. Relation to Benitoits

The structural relationship between BaGe[GeyOy]
and BaTiSiyOs proposed by Robbins and Levin [1) is
essentially correct. In figure 1, the dashed outline
of the BaTiSiy0s cell [3] is shown on the [M¥1] projec-
tion of the germanate cell. Within the lines,
Ge(d) in six-fold coordination corresponds ko Ltanium

Jgw



TABLE 3. Germanium-oxygern bond lengths and gngles
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TamlgE 4. Bond distances of the boriont eoordination polyhedront
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in the silicate compound and the rings to Siy0s groups.
In the silicate cell, the origin is on a threeiold axis
at the center of a ring.  The Ba ion also lies on a three-
fold axizs. In addition, BaTi5i0%s has two sheets of
rings in the length of the e axis {c=9.71 A, Zachariasen,
[3] whereas BaGe[Gey(s) has one (e =4.74 A), For
discussion, only the first sheet of the silicate structure
will be considered.

With the substitution of three germaniom atoms for
three silicon atoms and one germanium atom for one
titanium atom in the formula unit BaTiSi0s (to give
BaGe [GeyOs]} the following majoer structural changes
are noted: {1) Unlike the silicon atoms and ring oxygens
of 5iy0y, germanium atoms and ring oxygens of the
Gez(ly group are not coplanar and the germanium ring
does not have threefold symmetry. (2) While the
titaniutn atom lies on a threefold axis at z=10, three
independent octahedrally coordinated germanium
atoms lie on threefold axes at z=—0.33, &, 0.02, A and
0.48: .2 (3) In benitoite, the barium ion is on a three-
fold axis surrounded by six oxygen atoms at a distance
of 274 A and six other oxygens at a distance of 3.4 A
In the germanate cell, the barium jon is linked 10 10
oxygen atems al distances ranging from 2.66 to
328 A and no longer lies on a threefold axis. (4)
Si0, tetrahedra share only corners with other poly-
hedra in benitoite. This is true of GeO. groups of
the tetragermanate with the exception of Ge{6). The
latter shares one edge with a barium polyhedron.  {5)
There are two sheets of rings within the ¢ dimension
of benitoite whereas BaGe[Gey0Qg] has one. Crystal-
lographic data for the two compounds are presented
in table 5.

2(0rhgin choaen a1 x=f for Bain both niceciures.

TABLE 5. Crysind data for BaGefGe04] and EaTi0,

Compound a A . A Space | Cale. dessily, § cow=| &
group

B} Gyl nel=om | ew=em | m 512

BaTiSiz0h " G0000 § 9TI00] | Poex AR &

" Diarta Frarn Zaechanriesam [11

Computations were performed wtilizing the x-ray 63
system of crystallographic programs developed at the
University of Washington and the University of
Maryland [8].
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